Four mutant brome mosaic virus (BMV) RNA3 transcripts, bearing single or double base changes in the 3'-CCAOH terminus of the tRNA-like structure, previously characterized as being deficient in vitro with respect to aminoacylation and replication activities, have now been assayed in vivo for their ability to replicate (in the presence of transcripts of wild-type RNA1 and -2) in barley protoplasts and plants. In tests conducted with protoplasts, irrespective of the time postinfection, all four mutants were fully viable, and the relative levels ofboth plus and minus strand replication for each mutant were similar to that of the wild type. Inoculation of barley plants with these mutants resulted in phenotypic symptoms and viral yields that were similar to those from wild-type infections.
tests conducted with protoplasts, irrespective of the time postinfection, all four mutants were fully viable, and the relative levels ofboth plus and minus strand replication for each mutant were similar to that of the wild type. Inoculation of barley plants with these mutants resulted in phenotypic symptoms and viral yields that were similar to those from wild-type infections.
Analysis of each mutant progeny RNA3 indicated that the altered sequence at the 3' terminus was restored to that of wild type. These observations indicate that there is a rapid turnover and correction of the 3' termini of BMV RNAs in vivo. Such correction is commensurate with the action of tRNA nucleotidyltransferase, but it differs from recombination processes that appear to be relatively infrequent for BMV RNA3. These results support the conclusion that the 3'-CCAoH termini of viral tRNA-like structures function analogously to telomeres of chromosomal DNA.
There is currently much interest in the tRNA-like motifs present at the ends of the RNA genomes of several groups of plant viruses. We (1) (2) (3) (4) (5) and others (6, 7) have experimentally established in vitro and in vivo that the 3' ends of brome mosaic virus (BMV) and other viruses function as substrates for aminoacyl-tRNA synthetases, tRNA nucleotidyltransferase, and other tRNA-like activities. Studies on the 3' tRNA-like structure of turnip yellow mosaic virus (8, 9) led to discovery of the role of the pseudoknot in forming stable amino acid acceptor stems of viral RNAs. Pseudoknots also appear to participate in forming the structure of biologically active RNAs, such as ribosomal RNAs (10) and the selfsplicing intron in Tetrahymena (11) . Weiner and Maizels (12) have postulated a telomeric function for the 3' end ofgenomic RNA molecules and Marsh and Hall (13) have shown that remarkable similarities exist between regions at the 5' ends of BMV RNAs and the internal control regions characteristic of polymerase III promoters of tRNA transcription.
tRNA nucleotidyltransferase is the enzyme responsible for the addition to tRNA transcripts ofthe 3'-CCAOH termini that are not encoded in the genome of eukaryotes. It is also important in the maintenance of intact mature tRNA molecules, whose 3' termini are subjected to nuclease attack and undergo constant turnover (14) . Host tRNA nucleotidyltransferase has been implicated in the posttranscriptional addition of the 3'-terminal adenosine of BMV RNAs, since this residue has no complement in the minus strand template and is not present in double-stranded replicative form RNAs (15) . While the 3'-terminal adenosine is not necessary for initiation of minus strand synthesis in vitro, additional removal of the penultimate cytidine residues, opposite which synthesis of RNA occurs, prevented minus strand synthesis (15) . A plausible function for tRNA nucleotidyltransferase in BMV infection is, therefore, maintenance and repair of the 3' end of viral RNA. Telomeres, the terminal regions of eukaryotic chromosomes, are essential for stability and replication of linear DNA molecules. They are recognized by telomere terminal transferase (telomerase) that adds tandem repeats of TTGGGG sequence in a nontemplated manner (16) . Analogies between this reaction and the activity of nucleotidyltransferase, which completes the 3' terminus of a tRNA that is missing any portion of its 3'-CCAOH sequence, has been noted by Cech (17) . Both Cech (17) and Weiner and Maizels (12) have speculated that an evolutionary relationship exists between telomerase and nucleotidyltransferase. An extension of these hypotheses is that the ability of the tRNA-like structure of BMV and other viral genomes to serve as a substrate for such activity is analogous to the function of a chromosomal telomere. The rapid repair of full-length transcripts of BMV RNA3 mutants containing specific mutations at their 3' ends, and their full viability in barley protoplasts and plants, provides functional evidence for the concept that the tRNA-like structure found in BMV and other RNA viruses functions as a telomere. (18) . The specificity of the strandspecific probes was confirmed by hybridization to virion RNA and minus strand transcripts (data not shown).
MATERIALS AND METHODS
The relative yields of wild-type and mutant progeny RNA3 were quantitated by densitometry of the Northern blot autoradiographs. The results were normalized for inoculation efficiency and protoplast viability by comparison with the yields of RNA1 and -2 (24) . Data obtained by densitometry were also confirmed by direct scintillation counting of radioactive bands excised from hybridization filters.
Analysis of 3' Termini in Progeny RNA. Total RNA isolated from purified virus was electrophoresed in 1% low-meltingpoint agarose gels, and bands corresponding to RNA3 were excised and recovered by phenol extraction. RNAs were labeled at their 3' termini with [5'-32P]pCp and T4 RNA ligase (25) and were digested to completion with T1 ribonuclease or with a mixture of ribonucleases T1, T2, and A. The digestion products were analyzed by 20% polyacrylamide/7 M urea sequencing gels or two-dimensional TLC, respectively (18) . To sequence the tRNA-like structure present on progeny RNA3 molecules, -2 Ag of purified RNA3 was converted into double-stranded cDNA (ds cDNA) using reverse transcriptase and RNase H according to the manufacturer (CopyKit, Invitrogen, San Diego, CA). The resulting ds cDNA was cloned into the Sma I site of the pT3/T7 lac plasmid vector (Pharmacia) and the DNA sequence of the inserts was determined by the chain-termination procedure using Sequenase (United States Biochemical) and synthetic primers corresponding to either T7 or T3 promoter regions. In vitro tyrosylation assays were done using [3H]tyrosine and the partially purified wheat germ aminoacyl-tRNA synthetase preparation according to Dreher et al. (2) .
RESULTS
Replication of BMV RNA in barley protoplasts is dependent on the presence of both RNA1 and -2 but independent of RNA3 (26, 27) . Consequently, the replication of RNA3 appears to be dependent on translation products of RNA1 and -2, and also upon its ability to be specifically recognized by the entire viral replicase complex. Therefore, RNA3 is an excellent vehicle for introducing mutations and testing their effects on the replication of RNA3 in vivo. Four different mutations of the 3'-CCAOH terminus, two containing a single base substitution of the terminal nucleotide (A--U in mutant 3'CCU and A--C in mutant 3'CCC) and two containing substitutions of both 3'-terminal nucleotides (CA-+AC in mutant 3'CAC and CA-÷UU in mutant 3'CUU) were used to replace wild-type sequences (Fig. 1 ) of cDNA3 clone pT7B3(-Tth). To confirm that the runoff transcripts of these RNA3 derivatives did not contain a wild-type 3' terminus, they were tested for tyrosylation activity in vitro and found to be incompetent (data not shown).
Replication of RNA3 Mutants in Barley Protoplasts. Barley protoplasts were inoculated with mixtures of transcripts synthesized in vitro containing wild-type RNA1 and -2 and wild-type or mutant RNA3. To detect differences in RNA3 accumulation at both early and late stages of infection, protoplasts were harvested 2.5, 5, 10, 15, and 20 hr postinoculation (h.p.i.). The relative accumulation of plus and minus sense progeny RNA was studied by Northern hybridization using duplicate blots and RNA probes of desired specificity and approximately equal specific activity.
As demonstrated in Fig. 2 (Fig. 2a) . (Fig. 2a) or wild-type inoculations were evident at later time points (10, 15 , and 20 h.p.i.; Fig. 2 and Table 1 ). Minus sense RNA4 v * levels were detectable, but remained very low (Fig. 2 c) . (data not shown).
As for progeny RNA3 from wild-type infections, the ma- Barley protoplasts were inoculated with a mixture of RNA1 and -2 and wild-type or mutant RNA3 and were incubated for various times prior to harvest. RNA3 levels, determined from three replicates, are expressed as percentages relative to wild-type infections. The results were quantitated by analysis of Northern blots of viral RNAs (see Fig. 2 ). *Relative rates of minus strand synthesis in vitro catalyzed by BMV replicase; taken from Dreher et al. (2). (Table 2) . These results are within the normal range obtained for wild-type virion RNA. Resolution of total ribonuclease T1 digests of the derivative RNA3 progeny on 20o sequencing gels (Fig. 3c) (Table 2) ; charging levels of t95% were achieved in each case. These studies demonstrate that the nucleotide substitutions at the 3' termini of viral RNAs were not propagated in their progeny and were apparently repaired very early (by 2.5 h.p.i.) in the infection process.
DISCUSSION
We have observed the efficient generation in barley protoplasts and plants of progeny from RNA3 variants with mutations at the 3' terminus. Irrespective of the postinoculation time points, RNA3 progeny of both polarities arising from mutant RNA3 inocula accumulated to similar levels as progeny from wild-type RNA3 (Fig. 2, Table 1 ). In all progeny RNAs, including those using RNA3 transcripts of the four 3'-CCAOH mutants obtained by linearization using the BamHI site (which yields a 12-nucleotide-long 3' extension; see ref. 18 ) as inocula (data not shown), wild-type infection kinetics were obtained, indicating that the mutant sequences had been replaced with the normal 3'-CCA terminus.
The efficient accumulation of progeny from two of the mutants, those with substitutions only at the terminal position (3'CCU and 3'CCC), may have been a result of direct replication without sequence correction prior to minus strand initiation. Some minus strand synthesis was observed from these templates in vitro (2) , and BMV RNAs with certain short 3' extensions are also able to serve as templates for replicase in vitro, with initiation apparently occurring at the correct position (15) . In contrast, the other mutants studied (3'CAC and 3'CUU) have substitutions at the initiation site and were inactive in minus strand synthesis in vitro (2) . Before entering even the first replication cycle, the sequence of these RNAs would need to be corrected. The efficient synthesis of progeny from these mutants demonstrates that an active 3' end turnover and repair mechanism exists in host cells. The sequence editing must be a rapid process and perhaps is completed during the period in which the proteins essential for RNA replication are translated from RNA1 and -2. As early as 2.5 h.p.i., no differences in plus or minus RNA3 levels were observed between wild-type and mutant RNA3 inoculations.
The rapidity of repair seen in these experiments contrasts importantly with the 10-to 16-day period required to reveal the presence of 3' sequences apparently derived by recombination between wild-type RNA1 and -2 (28) and the M4 deletion mutant of BMV RNA3 (29) in which nucleotides U80 to G10' (see Fig. 1 ) are absent. No recombination was observed for this mutant in protoplasts by Bujarski et al. (29) . If, as suggested by Bujarski and Kaesberg (28) , recombination is frequent (and probably not site specific), the recombinant progeny RNAs would be expected to be of various lengths. However, the discrete electrophoretic band shown (28) (3, 4) ; these sequences are now being moved into clones that will yield full-length RNA1, -2, and -3 that can be tested in vivo. It is likely that pressure for recombination to correct down-regulating mutations in RNA1 and -2, which are intimately involved in replication functions (26, 27) , will be greater and we anticipate that studies on these mutations will provide insight to important questions regarding the frequency, site(s), and mechanism of RNA recombination.
In contrast to the situation described above for mutants OGG and 5'PsK, the only difference observed between the accumulation of viral RNAs from inoculations containing mutants 3'CAC, 3'CCU, 3'CUU, and 3'CCC and wild-type inocula was the delayed appearance of plus RNA4 in the mutants (Fig. 2b) . At the temporal resolution afforded by the sampling times, no similar delay was observed in the accumulation of minus RNA3, from which the subgenomic RNA4 is transcribed (30) . The appearance of RNA4 is a delayed or late function (20) , and this has perhaps facilitated the detection of decreased early accumulation, whereas differences in RNA3 accumulation may only be detectable earlier than 2.5 h.p.i. At these times, residual inoculum and low absolute levels of replicated RNA make detection of progeny RNA difficult. The reason for the delay observed in plus RNA4 accumulation requires further study. The phenomenon of 3' end turnover is well known for tRNAs, and involves the removal ofnucleotides by the action of nucleases, followed by resynthesis of the intact 3'-CCA terminus by tRNA nucleotidyltransferase (14) . BMV RNAs lacking one or more 3'-terminal nucleotides are efficient substrates in vitro for nucleotidyltransferase (7) . Although it should not be excluded that, as in Escherichia coli (31) , other terminal transferases may play a minor role in the 3' end turnover of tRNAs, it is very likely that nucleotidyltransferase is the main enzyme responsible for the 3' end repair of BMV RNAs observed in our study. We have previously suggested that tRNA nucleotidyltransferase is also responsible for the posttranscriptional addition of the 3'-AOH (4) .
Since a tRNA-like conformation appears to be required for efficient adenylation by tRNA nucleotidyltransferase in vitro (14) , the tRNA-like structures of viral genomic RNAs may be considered functional analogs of telomeres on eukaryotic chromosomes. In addition, the function of nucleotidyltransferase in maintaining intact viral 3' termini is analogous to that of the chromosomal telomere-specific terminal transferase (telomerase), which adds repeat blocks of predetermined sequence to specific termini (16, 32) . This analogy has been noted on the basis of the similar sequence-specific, templateindependent reaction catalyzed by these enzymes (17) . In fact, the sequences added by telomerases appear to show a complementary relationship to the 3'-CCAoH added by nucleotidyltransferase. The above evidence suggests that viewing viral tRNA-like structures as 3' telomere analogs is consistent with the hypothesis that they are evolutionarily related to the postulated "genome tags" of primitive RNAbased biologies (12) . However, this conjecture does not exclude the possibility that modern RNA plant viruses with tRNA-like structures have evolved much more recently by the acquisition, modification, and reassortment of genetic information (including tRNAs or their derivatives) present in highly evolved plants (13) .
